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Specification 

SILICON CARBIDE SEMICONDUCTOR DEVICE 
AND MANUFACTURING METHOD THEREFOR 

TECHNICAL FIELD 

[0001] The present invention relates to a silicon 
carbide bipolar semiconductor device suitable for control 
of large currents. 

BACKGROUND ART 

[0002] Wide-gap semiconductor materials including silicon 
carbide (SiC) have such excellent characteristics as their 
high dielectric breakdown field strengths, which are about 
ten times higher than that of silicon (Si) , and thus have 
been drawing attention as materials suitable for high 
withstand voltage bipolar power semiconductor devices having 
high withstand reverse voltage characteristics. 
[0003] Bipolar semiconductor devices such as pin 
(Positive Intrinsic Negative) diodes, bipolar transistors, 
GTO (Gate Turn-Off Thyristor) and GCT (Gate-Commutated 
Thyristor) , although high in built-in voltage as compared 
with unipolar semiconductor devices such as Schottky diode 
and MOSFET, yet have a characteristic that their on- 
resistance is largely decreased by conductivity modulation 
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of the drift layer due to minority carrier injection. 
Accordingly, in high-voltage, large-current regions for 
power use or the like, bipolar semiconductor devices are 
used with a view to reducing losses. These bipolar 
5 semiconductor devices, when made from SiC, are enabled to 
implement far more excellent performance, compared with 
devices of Si. For example, a pin diode having a high 
withstand voltage of 10 kV and made from SiC has a forward 
voltage amounting to about one third that of Si pin diodes. 

10 The SiC pin diode shows a high-speed inverse recovery time, 
which represents operating speed at a turn-off, amounting to 
about 1/20 or less of that of the Si pin diode. Also, the 
SiC pin diode shows a power loss amounting to about 1/5 or 
less of that of the Si pin diode, greatly contributing to 

15 energy saving. In addition to SiC pin diodes, SiC npn 
transistors, SiC SIAFETs, SiC SIJFETs and the like have been 
developed as well, and similar power loss reduction effects 
have been reported (e.g., non-patent document 1) . 
Otherwise, SiC GTOs using a p-type semiconductor layer of 

20 inverse polarity as a drift layer have also been developed 
(e.g., non-patent document 2). 

[0004] A {0001} surface, which represents a set plane of 
SiC crystal, includes a (0001) silicon surface 1 and a 
(000-1) carbon surface 2, which are individual surfaces, as 
25 shown in a perspective view of SiC crystal of Fig. 7. In 
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this case, a parenthesized symbol ' represents a negative 
sign, which is referred to as polarity. The (0001) silicon 
surface 1 is a surface in which the crystal is terminated 
by silicon (Si) . The (000-1) carbon surface 2 is a surface 
5 in which the crystal is terminated by carbon (C) . Nitrogen 
(N) , which is an N-type dopant, is incorporated into the 
SiC crystal to substitute carbon (C) in most cases. The 
(0001) silicon surface 1 terminated by silicon is smaller 
in the quantity of surface-appearing carbon than the (000- 

10 1) carbon surface 2 terminated by carbon. Therefore, 
substitution of carbon into nitrogen (N) is suppressed so 
that a high-purity epitaxial layer can be obtained. On 
account of this, most of study reports relating to 
epitaxial growth . of SiC are associated with the (000-1) 

15 silicon surface 1. 

[0005] In SiC epitaxial growth, the CVD (Chemical Vapor 
Deposition) process, which allows easier control of the 
growth rate and the purity of the epitaxial layer, is used. 
However, since the CVD process employs hydrogen as the 

20 carrier gas, separation of carbon (C) from the growth 
surface occurs during the growth, causing the growth rate 
to be suppressed. Thus, the normal growth rate is 5 to 10 
pm/h. 

[0006] For fabrication of the conventional bipolar 
25 semiconductor device with SiC, for example, n-type 4H-SiC 
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which has been formed so as to have a surface la whose off- 
angle 0 from the (0001) silicon surface 1 is 8 degrees is 
used for the substrate. In the term *4H f , numeral '4' 
represents a crystal structure in which atomic layers are 
5 of a four-layer cycle, and ' H' refers to hexagonal crystal. 
On this substrate, a SiC drift layer for relaxation of 
electric field in voltage application is formed by 
epitaxial growth at a growth rate of 5 to 10 ym/h by using 
CVD process. 

10 Non-patent document 1: Hiroyuki MATSUNAMI (editor and 

writer), "Semiconductor SiC technology and applications," 
edited and written by pp. 218 - 221, Nikkan Kogyo 
Shimbunsha . 

Non-patent document 2: "A. K. Agarwal et. al, 
15 Materials Science Forum Volume 389 - 393, 2002, pp. 1349- 
1352. 

DISCLOSURE OF THE INVENTION 

[0007] In the conventional bipolar semiconductor device 
obtained in this way, as reported in Materials Science 
Forum Vols. 389-393 (2002), pp. 1259-1264, a phenomenon of 
a change with the lapse of time appears after energizing a 
new bipolar semiconductor device, the forward voltage 
increases with the lapse of time (operating time) . This 
phenomenon is called "forward voltage deterioration." When 
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a new bipolar semiconductor device is subjected to one-hour 
forward conduction with a current density of 100 A/ cm 2 , a 
forward voltage difference AVf at the current density of 
100 A/cm 2 between a time point immediately after the start 
5 of conduction and another time point after one-hour 
conduction represents a degree of the forward voltage 
deterioration . 

[0008] The forward voltage deterioration phenomenon 
occurs due to linear defects which are called basal plane 

10 dislocations and which propagate from the substrate to the 
drift layer. With this basal plane dislocation taken as a 
starting point, planar faults called stacking faults occur 
in the drift layer, causing the drift layer to be highly 
resistive with the result that the current does not easily 

15 flow. 

[0009] In the case of conventional pin diodes, while the 
forward voltage at the forward current density of 100 A/cm 2 
was 3.5 V in early stages of the use, it increases to 20 V 
after one-hour conduction at a current density of 100 

20 A/ cm 2 , the forward voltage difference AVf being about 16.5 
V. This causes a considerable increase in power loss 
inside the device so that the device could be broken by 
heat generated inside the device. SiC bipolar devices, 
although having greatly excellent initial characteristics 

25 as comprised with Si device, are considerably low in 
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reliability because of the forward voltage deterioration. 
Therefore, it has been difficult to implement inverters or 
other power conversion units which are capable of elongated 
operating time, low in power loss and high in reliability. 
5 [0010] An object of the present invention is to provide 
a semiconductor device which has such high reliability that 
the forward voltage difference AVf representing forward 
voltage deterioration is not more than 1.0 V as well as a 
manufacturing method therefor. 

10 [0011] In order to achieve the above object, there is 
provided a bipolar semiconductor device including: 

a substrate in which a surface having a specified 
off-angle from a (000-1) carbon surface of a crystal of a 
first-conductive-type silicon carbide semiconductor whose 

15 base material is silicon carbide, which is a compound of 
carbon and silicon, is formed; and 

at least one drift layer which is formed on a 
crystal growth surface of the substrate at a specified 
formation rate with a first- or second-conductive-type 

20 silicon carbide semiconductor, where the surface of the 
substrate having the specified off-angle is taken as the 
crystal growth surface of the substrate. 

[0012] According to the present invention, since the 
first- and second-conductive-type silicon carbide 
25 semiconductor layers are formed as described above, 
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semiconductor layers less liable to basal plane dislocation 
can be obtained. As a result, a pn junction diode which is 
less liable to forward voltage deterioration and long in 
service life can be obtained. 
5 [0013] In one embodiment of the invention the bipolar 
semiconductor device further includes 

at least one layer of a first- or second- 
conductive-type silicon carbide semiconductor formed on the 
drift layer. 

10 [0014] According to the embodiment, since the first- and 
second-conductive-type silicon carbide semiconductor layers 
are formed as described above, semiconductor layers less 
liable to basal plane dislocation can be obtained. As a 
result, a pn junction diode or a bipolar transistor which is 

15 less liable to forward voltage deterioration and long in 
service life can be obtained. 

[0015] In one embodiment of the invention, 

the substrate serves as a cathode and 
the bipolar semiconductor device further includes 
20 a semiconductor layer which is formed on the drift layer 

and which is of a second-conductive-type silicon carbide to 

serve as an anode. 

[0016] According to the embodiment, since the first- and 
second-conductive-type silicon carbide semiconductor layers 
25 are formed as described above, semiconductor layers less 
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liable to basal plane dislocation can be obtained. As a 
result, a pn junction diode which is less liable to forward 
voltage deterioration and long in service life can be 
obtained. 

5 [0017] Also, there is provided a bipolar semiconductor 
device including: 

a substrate which is to serve as a collector and 
in which a surface having a specified off-angle from a 
(000-1) carbon surface of a crystal of a f irst-conductive- 
10 type silicon carbide semiconductor whose base material is 
silicon carbide, which is a compound of carbon and silicon, 
is formed; 

a drift layer which is formed on a crystal growth 
surface of the substrate at a specified film growth rate by 
15 epitaxial growth of a first-conductive-type silicon 
carbide, where the surface of the substrate having the 
specified off-angle is taken as the crystal growth surface 
of the substrate; 

a second-conductive-type base layer formed on the 
20 drift layer; and 

a first-conductive-type emitter layer formed on 
part of the base layer. 

[0018] According to the bipolar semiconductor device, 
since the first- and second-conductive-type silicon carbide 
25 semiconductor layers are formed as described above, 
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semi conductor layers less liable to basal plane dislocation 
can be obtained. As a result, an npn transistor which is 
less liable to forward voltage deterioration and long in 
service life can be obtained. 
5 [0019] Also, there is provided a bipolar semiconductor 
device including: 

a substrate which is to serve as a collector and 
in which a surface having a specified off-angle from a 
(000-1) carbon surface of a crystal of a f irst-conductive- 
10 type silicon carbide semiconductor whose base material is 
silicon carbide, which is a compound of carbon and silicon, 
is formed; 

a drift layer which is formed on a crystal growth 
surface of the substrate at a specified film growth rate by 
15 epitaxial growth of a silicon carbide, where the surface of 
the substrate having the specified off-angle is taken as 
the crystal growth surface of the substrate; 

a first-conductive-type grown layer formed on the 
drift layer; 

20 a second-conductive-type emitter layer formed on 

the first-conductive-type grown layer; 

a contact region formed by ion implantation into 
the first-conductive-type grown layer via a through hole 
formed in the second-conductive-type emitter layer; and 
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a gate electrode formed via an insulating film on 
the first-conductive-type grown layer and the second- 
conductive-type emitter layer. 

[0020] According to the bipolar semiconductor device, 
5 since the first- and second-conductive-type silicon carbide 
semiconductor layers are formed as described above, 
semiconductor layers less liable to basal plane dislocation 
can be obtained. As a result, an IGBT (Insulated Gate 
Bipolar Transistor) which is less liable to forward voltage 

10 deterioration and long in service life can be obtained. 

[0021] In order to achieve the above object, there is 
provided a manufacturing method for a bipolar semiconductor 
device comprising the steps of: 

forming a substrate by cutting a crystal of a 

15 first-conductive-type silicon carbide semiconductor whose 
base material is silicon carbide, which is a compound of 
carbon and silicon, by a surface having a specified angle 
with respect to a (000-1) carbon surface of the crystal; 

forming a drift layer on a crystal growth surface 

20 of the substrate at a specified film growth rate by 
epitaxial growth of a first-conductive-type silicon 
carbide, where the surface of the substrate having the 
specified angle is taken as the crystal growth surface; and 
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forming at least one layer of a first- or second- 
conductive-type silicon carbide semiconductor on the drift 
layer. 

[0022] According to the manufacturing method, the off- 
5 angle is within a range of 2 to 10 degrees, and the film 
growth rate by epitaxial growth of silicon carbide that is 
to serve as the drift layer has a film- thickness increasing 
rate per hour h is 10 ym/h or more. 

[0023] Therefore, supersaturation on the growth surface 
10 can be decreased so that propagation of the basal plane 
dislocation from the substrate to the epitaxial film can be 
suppressed. As a result, the forward voltage deterioration 
can be prevented. 

[0024] According to the present invention, since the 
15 propagation of the basal plane dislocation in the 
semiconductor layers is suppressed, forward voltage 
deterioration can be prevented. That is, the forward 
voltage difference AVf representing forward voltage 
deterioration can be suppressed to 1.0 V or less, so that a 
20 high-reliability bipolar device can be made up. With the 
use of such a high-reliability bipolar device, power 
conversion equipment, such as inverters, which are reduced 
in loss, capable of long-term operation and high in 
reliability can be implemented. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] Fig. 1 is a sectional view of a pn (pin) diode 
which is a First Embodiment of the present invention; 
[0026] Fig. 2 is a graph showing current-voltage 

characteristics of the pin diode of the First Embodiment of 
the invention at a start of energizing and one hour after 
the energizing; 

[0027] Fig. 3 is a graph showing current-voltage 

characteristics of a pin diode of the First Embodiment of 
the invention and a pin diode using a Si surface substrate 
made for comparison before deterioration, i.e. immediately 
after the conduction, and after deterioration, i.e. after 
the one-hour conduction; 

[0028] Fig. 4 is a sectional view of an npn bipolar 

transistor which is a Second Example of the invention; 
[0029] Fig. 5 is a sectional view of an IGBT which is a 

Third Embodiment of the invention is formed; 

[0030] Fig. 6 is a perspective view showing a crystal of 

silicon carbide from which a substrate of the bipolar 
semiconductor device of the invention; 

[0031] Fig. 7 is a perspective view showing a crystal of 
silicon carbide from which a substrate of a conventional 
bipolar semiconductor device is formed. 
[0032] Explanation of Reference Numerals: 
1 (0001) silicon surface 
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2 (000-1) carbon surface 

3 substrate 

22 buffer layer 

23 drift layer 

5 24 p-type junction layer 
25 p+ type contact layer 
2 6 JTE 

27 thermal oxide film 

28 cathode electrode 
10 29 anode electrode 

29a Ti layer 
29b Al layer 

50 npn bipolar transistor 

51 substrate 

15 52 buffer layer 

53 drift layer 

54 p-type grown layer 

55 n-type grown layer 

56 guard ring 

20 57 contact region of base 

58 oxide 

59 collector electrode 

60 IGBT 

61 substrate 

25 62 buffer layer 
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63 drift layer 

64 n-type grown layer 

65 p-type grown layer 

66 contact region 
5 66a hole 

67 insulating film 

68 gate electrode 
68a hole 

69 collector terminal 
10 70 pin junction diode 

BEST MODE FOR CARRYING OUT THE INVENTION 

[0033] Hereinbelow, an embodiment of the invention will 
be described in detail. In the description of crystal 

15 lattice orientations and lattice surfaces, the following 
symbols, which are well known in the related technical 
fields, are used to represent lattice orientations and 
lattice surfaces- That is, an individual surface is 
expressed by {), and a set surface is by {}, where 

2 0 respective numerals are enclosed therein to represent 
individual surfaces. Also, whereas the negative index is 
represented by adding a "-" (bar) on a numeral in 
crystallography, it is impossible to added a bar above a 
numeral by software designated by JPO (Japanese Patent 
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Office) and therefore a negative sign is added before a 
numeral for expression in this specification. 
[0034] For suppression of the forward deterioration 
phenomenon, it is necessary to suppress propagation of the 
5 basal plane dislocation from the substrate to the drift 
layer as described before . 

[0035] As a technique for forming the drift layer by SiC, 
epitaxial growth process is commonly used as reported in, 
for example, Materials Science and Engineering, R20 (1997) 
10 pp. 125 - 166. The epitaxial growth process includes, 
roughly, in two growth modes, step flow growth and two- 
dimensional nucleation growth. 

[0036] The step flow growth is a growth along a 
direction parallel to a {0001} surface which is 

15 perpendicular to the growth axis of crystal, having a 
tendency to take over information attributed to the crystal 
parallel to the {0001} surface. The two-dimensional 
nucleation growth is a growth along a direction 
perpendicular to the {0001} surface, having a tendency to 

20 take over information attributed to the crystal oriented 
perpendicular to the {0001} surface and also causing a 
generating source of defects in crystal growth. 
[0037] Therefore, in normal epitaxial growth, growth 
conditions are so set that the step flow growth progresses 
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to some extent in order to obtain high-quality epitaxial 
film. 

[0038] The basal plane dislocation is a dislocation 
present parallel to the {0001} surface and propagates along 
5 the same direction as the step flow growth. Accordingly, 
for suppression of the propagation of the basal plane 
dislocation, the step flow growth needs to be suppressed to 
such an extent that the two-dimensional nucleation does not 
occur . 

10 [0039] Which growth goes, the step flow or the two- 
dimensional nucleation, depends largely on the 
supersaturation in crystal surfaces. When the 

supersaturation goes beyond a certain value (critical 
supersaturation) , the two-dimensional nucleation growth 

15 goes. With the supersaturation under the value, the step 
flow growth goes. Therefore, given a large critical 
supersaturation, the two-dimensional nucleation is less 
likely to occur. 

[0040] For obtainment of a large critical 
20 supersaturation, the growth rate is increased by, for 
example, increasing the feed amount of material gas, or by 
reducing the off-angle of the crystal to widen the terrace 
(flat portions) of a step present in crystal surfaces. 
[0041] In the. SiC crystal shown in Fig. 6, the (000-1) 

25 carbon surface 2 is lower in surface energy by one order, 
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therefore smaller in critical supersaturation value by one 
to two orders, than the (0001) silicon surface 1. As a 
result, its supersaturation becomes relatively smaller to a 
large extent. 

5 [0042] For the (000-1) carbon surface 2, a step having a 
height equal to one molecular layer (not shown) is rather 
often adopted, where the molecular layer comprises a single 
Si-C layer. However, for the (0001) silicon surface 1, 
steps having a height of two or four molecular layers are 

10 observed. This shows that the terrace of the (000-1) 
carbon surface 2 becomes narrower in width to about half 
that of the (0001) silicon surface 1. As a result of this, 
the critical supersaturation value of the (000-1) carbon 
surface 2 is smaller than that of the (0001) silicon 

15 surface 1. 

[0043] The critical supersaturation of the (000-1) 
carbon surface 2 depends largely on the growth rate, the 
degree of dependence being larger than the degree of 
dependence on the width of the terrace of the step. 

20 Accordingly, the critical supersaturation of the (000-1) 
carbon surface 2 can relatively be increased by enhancing 
the growth rate. As a result of this, a step flow growth 
in which the two-dimensional nucleation growth can be 
suppressed and moreover propagation of the basal plane 

25 dislocation can be suppressed can be achieved. 
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[0044] In the embodiment of the present invention, 
semiconductor layers including an n-type layer, a p-type 
layer and the like constituting the SiC bipolar 
semiconductor device are formed on a surface 2a having a 
5 specified off-angle 0 relative to the (000-1) carbon 
surface 2 of the SiC crystal. The off-angle 9 is 
determined for an optimum angle within a range of 2 to 10 
degrees depending on the type . of the semiconductor device. 
According to an experiment by the inventors, successful 

10 results were obtained with an off-angle 0 of about 8 
degrees in the case of, for example, a pin diode. For an 
IGBT, successful results were obtained with an off-angle 0 
of about 3.5 degrees. Furthermore, the growth rate of the 
semiconductor layers is set faster than ordinary ones. The 

15 growth rate is desirably so set that the thin-film 
increasing amount per hour (h) becomes 10 \xm/h or more. 
Depending on film growth conditions, the effect of the 
invention can be obtained even with film growth rates of 3 
iam/h or more. In order to increase the growth rate, the 

20 amount of material gas to be fed during the film growth 
process is increased to a large extent. 

[0045] Hereinbelow, preferred embodiments of the present 
invention are explained with reference to Figs. 1 to 6. 
[0046] (First Embodiment) 
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♦ 

Fig. 1 is a sectional view of a pn (pin) junction 
diode which is a First Embodiment of a bipolar semiconductor 
device of the present invention. In this Embodiment , 
semiconductor layers to be described below are formed on an 
5 n-type (first conductive type) 4H SiC substrate 21 whose 
surface orientation has an off-angle of 8 degrees from the 
(000-1) carbon surface. In the term "4H, " the character "H" 
means hexagonal crystal and the numeral "4" means a crystal 
structure whose atomic lamination is four-layer cyclic. The 

10 C surface of the substrate 21 is a surface 2a having an off- 
angle 0 of 8 degrees from the (000-1) carbon surface 2 of 
SiC crystal of Fig. 6. The film growth rate for each layer 
is 15 \xra/h, where the increasing rate of film thickness per 
hour (h) is faster than in the conventional counterpart. 

15 Then, as described in detail below, n-type (first conductive 
type) 4H-SiC and p-type (second conductive type) 4H-SiC are 
epitaxially grown one by one, by which an epitaxial pin 
junction diode 70 is fabricated. A primary junction 
surface of the p-type layer and an i layer (insulating 

20 layer) , and a primary junction surface (a surface extending 
in the horizontal direction in Fig. 1) of the i layer and 
the n-type layer, are both a {0001} surface. 

[0047] For comparison with the epitaxial pin junction 
diode 70 of this Embodiment, the following one was 
25 fabricated as a comparative pin junction diode. That is, 
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on an n-type 4H SiC surface la (hereinafter, referred to as 
Si surface) having an off-angle 9 of 8 degrees from the 
(0001) silicon surface 1 shown in Fig. 7, a pin junction 
diode for comparison use is fabricated by making n-type 4H- 
5 SiC and p-type 4H-SiC epitaxially grown one by one at a 
growth rate having a film- thickness increasing rate per 
hour of 5 um/h. The film growth rate of 5 ym/h is a common 
rate for manufacturing process of pin diodes. The pin 
junction diode of this Embodiment and the pin junction 
10 diode for comparison use are identical in size and 
configuration of their junction portion. 

[0048] The n-type substrate 21 was fabricated by slicing 
an ingot grown by a modified Rayleigh method at an off- 
angle 0 of 8 degrees, followed by specular polishing. The 

15 substrate 21 was determined by the Hall effect measuring 
method to have a carrier density of 8xl0 18 cm" 3 and a 
thickness of 400 )im. On the substrate 21 serving as a 
cathode, a nitrogen-doped n-type SiC layer (n-type grown 
layer) and an aluminum-doped p-type SiC layer (p-type grown 

20 layer) are formed one by one in epitaxial growth by CVD 
process. By the n-type grown layer, an n-type buffer layer 
22 and an n-type drift layer 23 shown in Fig. 1 are formed. 
The buffer layer 22 has a donor density of 7xio 17 cm" 3 and a 
film thickness of 10 \im. The buffer layer 22 is not 

25 necessarily required and not formed in some cases. The 
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drift layer 23 has a donor density of about 5xl0 15 cm" 3 and 
a film thickness of 40 urn. On the drift layer 23, a p-type 
junction layer 24 serving as an anode and a p + -type contact 
layer 25 were formed one by one by the p-type grown layer. 
5 The p-type junction layer 24 has an acceptor density of 
5*10 17 cm" 3 and a film thickness of 1.5 ym. The p + -type 
contact layer 25 has an acceptor density of lxio 18 cm" 3 and 
a film thickness of 0.5 pm. Processing conditions for the 
buffer layer 22, the drift layer 23, the p-type junction 
10 layer 2 4 and the p + -type contact layer 25 to be formed one 
after another on the C surface of the substrate 21 are as 
follows . 

[0049] Processing conditions for fabrication of the pin 
junction diode 70 of this Embodiment are explained in 

15 detail below. Silane (SiH 4 ) and propane (C 3 H 8 ) are used as 
material gases. Nitrogen (N 2 ) and trimethylaluminum 
(A1(CH 3 )3) are used as dopant gases. Further, hydrogen (H 2 ) 
is used as the carrier gas. Flow rate of each gas is 
expressed in seem (standard cc per minute) or slm (standard 

20 liter minute) . Pressure is expressed in kPa (kilo Pascal) . 

In the following description, a numerical value 
parenthesized and added after the name of each gas 
represents a flow rate. The substrate 21 is kept at a 
temperature of 1550°C, and the interior of the processing 

25 chamber is kept at a pressure of 5.6 kPa. 
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[0050] In a step for forming the buffer layer 22 on the 
C surface of the substrate 21, silane (30 seem) , propane 

(12 seem), nitrogen (30 seem) and hydrogen (10 slm) are 
fed. Processing time for this step is 40 minutes. 

[0051] In a step for forming the drift layer 23, silane 

(30 seem), propane (12 seem), nitrogen (0.2 seem) and 
hydrogen (10 slm) are fed. Processing time for this step 
is 160 minutes. 

[0052] In a step for forming the p-type junction layer 

24, silane (30 seem), propane (12 seem), trimethylaluminum 
(15 seem) and hydrogen (10 slm) are fed. Processing time 
for this step is 6 minutes. 

[0053] In a step for forming the p + -type contact layer 

25, silane (30 seem), propane (12 seem), trimethylaluminum 
(30 seem) and hydrogen (10 slm) are fed. Processing time 
for this step is 2 minutes. 

[0054] By the processing shown above, a SiC epitaxial 
wafer for the pin junction diode of this Embodiment is made 
up . 

[0055] Next, processing conditions, for fabrication of 
the pin diode for comparative use are described. Since its 
layers to be formed on the Si surface of the substrate are 
substantially similar in structure to those of this 
Embodiment shown in Fig. 1, same reference numerals are 
used in the description. The substrate is kept at a 
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temperature of 1550°C / and the interior of the processing 
chamber is kept at a pressure of 5.6 kPa. 

[0056] In a step for forming the buffer layer .22 on the 
Si surface of the substrate, silane (10 seem), propane (3 
5 seem), nitrogen (10 seem) and hydrogen (10 slm) are fed. 
Processing time for this step is 120 minutes. 
[0057] In a step for forming the drift layer 23, silane 
(10 seem), propane (3 seem), nitrogen (0.07 seem) and 
hydrogen (10 slm) are fed. Processing time for this step 
10 is 480 minutes. 

[0058] In a step for forming the p-type junction layer 

24, silane (10 seem), propane (3 seem), trimethylaluminum 
(5 seem) and hydrogen (10 slm) are fed. Processing time 
for this step is 18 minutes. 

15 [0059] In a step for forming the p + -type contact layer 

25, silane (10 seem), propane (3 seem), trimethylaluminum 
(10 seem) and hydrogen (10 slm) are fed. Processing time 
for this step is 6 minutes. 

[0060] By the processing shown above, a SiC epitaxial 
20 wafer for the pin junction diode for comparative use is 
made up. 

[0061] In a comparison of . processing conditions between 
the SiC epitaxial wafer for the pin junction diode of this 
Embodiment and the SiC epitaxial wafer for the pin junction 
25 diode for comparative use, flow rates of the material gas 
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and the dopant gas in the processing conditions of this 
Embodiment are three times or more higher than those of the 
conventional counterpart, respectively. Also, the 

processing time for each layer in this Embodiment is one 
third or less of the processing time of the comparative 
counterpart. As shown above, this Embodiment is 

characterized by shortened processing time and enhanced 
film growth rate. 

[0062] The SiC epitaxial wafer of this Embodiment and 
the SiC epitaxial wafer for comparative use are subjected 
to processing described below, by which the pin junction 
diode 7 0 of this Embodiment shown in the figure as well as 
the pin junction diode for comparative use having a similar 
structure are made up. 

[0063] First, both end portions of the SiC epitaxial 
wafer are removed by reactive ion etching (RIE) so as to be 
processed into a mesa structure. With CF 4 (carbon 
tetraf luoride) and 0 2 used for RIE etching gas, the SiC 
epitaxial wafer was etched to a depth of about 2.5 p by a 
plasma processing apparatus under the conditions of a 
pressure of 5 Pa and a high-frequency power of 260 W. In 
this case, a Si0 2 film (thickness: 10 urn) deposited by CVD 
was used as a mask material. 

[0064] Next, for relaxation of electric field 
concentration at the bottom portion of the mesa formed by 
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etching, a p-type JTE (Junction Termination Extension) 26 
having a width of 250 \xm and a depth of 0.7 ym was provided 
at mesa bottom portion. The JTE 2 6 was formed by Al ion 
implantation. The energy for the Al ion implantation was 
5 varied in six steps between 30 to 450 keV, where the total 
dose amount was 1.2xl0 13 cm" 2 . The JTE 2 6 was designed for 
its formation so that the implantation layer of the JTE 26 
would become a box profile. The ion implantation was 
carried out throughout at room temperature, where graphite 

10 (thickness: 5 ym) was used as the mask for the ion 
implantation. Heat treatment for activation of implanted 
ions was carried out in an argon gas atmosphere with the 
conditions of 1700°C and 3 minutes. After annealing, 
thermal oxide film 27 was formed as an overcoat by 3-hour 

15 wet oxidation at a temperature of 1200°C. Finally, a 
protective film 30 of polyimide resin was formed on the 
thermal oxide film 27 for completion. 

[0065] Next, Ni (thickness: 350 nm) was formed on the 
underside of . the substrate 21 to provide a cathode 

20 electrode 28. On the p + -type contact layer 25, films of Ti 
(titanium with thickness 350 nm) and Al (aluminum with 
thickness 100 nm) were deposited, respectively, to provide 
an anode electrode 29. The anode electrode 29 was composed 
of a Ti layer 29a and an Al layer 29b. Finally, heat 

25 treatment was carried out at 1000°C for 20 minutes, by 



which the cathode electrode 2 8 and the anode electrode 2 9 
were made into ohmic electrodes, respectively. The pn 
junction was sized as 2.6 mm in diameter, and generally 
circular-shaped. Although the p-type JTE 2 6 was formed by 
aluminum ion implantation in this Embodiment, yet similar 
effects are achieved also by using ion implantation of 
boron (B) . Further, in the pin junction diode 70, junction 
surfaces (surfaces extending horizontally in the figure) of 
the buffer layer 22, the drift layer 23, the p-type 
junction layer 24 and the p*-type contact layer 25 are all 
parallel to the surface 2a (in Fig. 6) having an off-angle 
of 8 degrees from the (000-1) carbon surface 2. 
[0066] Of the pin junction diode 70 of this Embodiment, 
the withstand voltage is 3500 V and the on-voltage is 3.6 
V. The pin junction diode 70 was subjected to one-hour 
conduction in the forward direction with a current density 
of 100 A/cm 2 , and current-voltage characteristics at room 
temperature immediately after the start of the conduction 
and after the one-hour conduction were measured with a 
curve tracer. 

[0067] Fig. 2 is a graph showing forward current-voltage 
characteristics at room temperature of the pin junction 
diode 70 of this embodiment formed on the surface 2a of the 
n-type 4H SiC substrate (C surface) 21 whose surface 



orientation has an off- angle 9 of 8 degrees from the (000-1) 
carbon surface 2. 

[0068] A forward voltage difference AVf between 
immediately after the start of the conduction and after one- 
hour conduction with a forward current density of 100 A/ cm 2 
was not more than 0.1 V, hence almost no difference. 
Therefore, in the graph of Fig. 2, the current-voltage 
characteristics are represented by one curve. As can be 
understood from this result, the pin junction diode 70 of 
this Embodiment showed almost no deterioration even after 
the one-hour conduction. 

[0069] Fig. 3 is a graph showing current-voltage 

characteristics obtained by a measurement of a comparative 
pin junction diode, which was fabricated in the same size 
for comparison with the pin junction diode 70 of this 
Embodiment, under the same conditions as in the pin junction 
diode 70 of this Embodiment. In Fig. 3, the curve of solid 
line shows a current-voltage characteristic immediately 
after the start of use (before deterioration) of the 
comparative pin junction diode. The curve of broken line 
shows a current-voltage characteristic after one-hour use 

(after deterioration) . As can be understood from Fig. 3, 
the forward voltage difference AVf at a forward current 
density of 100 A/ cm 2 (current value: 5.5 A) was 16.0 V. When 
the diode subjected to the conduction test was checked for 



-28- 

photoluminescence emission which is known as a means for 
checking defects in the art, a large number of 422 nm 
emissions showing stacking faults were found in the 
comparative pin junction diode using the Si surface. On the 
5 other hand, no emission of stacking faults were found in the 
pin junction diode 70 using the C surface of this 
Embodiment . 

[0070] As described above, the pin junction diode of SiC 
of this Embodiment, because of its being almost free from 

10 occurrence of forward voltage deterioration, becomes capable 
of long-term use, long in serve life. Since the pin 
junction diode is free from increases in on-resistance due 
to forward voltage deterioration, a high-reliability pin 
junction diode which is free also from internal loss and 

15 which is capable of maintaining stable characteristics for 
long time can be obtained. 
[0071] (Second Embodiment) 

Fig. 4 is a sectional view of an npn bipolar 
transistor 50 which is a Second Embodiment of the bipolar 

2 0 semiconductor device of the invention. In this embodiment 
also, as shown in Fig. 6, an n-type 4H SiC substrate having 
a surface 2a whose surface orientation has an off-angle 9 of 
8 degrees from the (000-1) carbon surface 2 (hereinafter, 
referred to as C surface) is used. On this substrate, n- 

25 type 4H-SiC, p-type 4H-SiC and n-type 4H-SiC are 



successively epitaxially grown in this order with a film- 
thickness increasing rate per hour (h) of 15 ym/h, by which 
an npn bipolar transistor 50 was fabricated. 

[0072] Also, n-type 4H-SiC having a surface la 
(hereinafter, referred to as Si surface) whose off-angle 9 
from the (0001) silicon surface 1 shown in Fig. 7 was 8 
degrees was used as the substrate for an npn bipolar 
transistor for comparison use. On this substrate, 

individual layers were grown with a film- thickness 
increasing rate per hour (h) of 5 |im/h. The primary 
junction surface (a surface extending horizontally in the 
figure) of the p and n layers is the {0001} surface. 
[0073] A substrate 51 was fabricated by slicing an ingot 
grown by a modified Rayleigh method at an off-angle 9 of 8 
degrees, followed by specular polishing. The substrate 51 
to serve as a collector, which was of the n-type, was 
determined by the Hall effect measuring method to have a 
carrier density of 8xio 18 cm" 3 and a thickness of 400 pm. 
On the C surface, a buffer layer 52 and a drift layer 53 of 
a nitrogen-doped n-type SiC layer were grown by CVD 
process. On the drift layer 53, a p-type grown layer 54 of 
aluminum-doped p-type SiC, and an n-type grown layer 55 of 
nitrogen-doped n-type SiC were grown one by one by 
epitaxial growth. The buffer layer 52 and the drift layer 
53 serve as an n-type collector layer. The buffer layer 52 
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has a donor density of 7xio 17 cm" 3 and a film thickness of 
10 ym. The drift, layer 53 has a donor density of about 
5xl0 15 cm" 3 and a film thickness of 15 ym. Also, the p-type 
grown layer 54 serving as a p-type base layer has an 
5 acceptor density of 2xl0 17 cm" 3 and a film thickness of 1 
ym. The n-type grown layer 55 has a donor density of 7xio 17 
cm" 3 and a film thickness of 0.75 ym. Processing conditions 
for the buffer layer 52, the drift layer 53, the p-type 
grown layer 54 and the n-type grown layer 55 are as 
10 follows. 

[0074] Processing conditions for fabrication of the npn 
bipolar transistor 50 of this Embodiment are explained in 
detail below. Silane (SiH 4 ) and propane (C 3 H 8 ) are used as 
material gases. Nitrogen (N 2 ) and trimethylaluminum 

15 (A1(CH 3 )3) are used as dopant gases. Further, hydrogen (H 2 ) 
is used as the carrier gas. A flow rate o.f each gas is 
expressed in seem (standard cc per minute) or slm (standard 
liter minute) . Pressure is expressed in kPa (kilo Pascal) . 
In the following description, a numerical value 

20 parenthesized and added after the name of each gas 
represents a flow rate. The substrate 51 is kept at a 
temperature of 1550°C, and the interior of the processing 
chamber is kept at a pressure of 5.6 kPa. 

[0075] In a step for forming the buffer layer 52 on the 
25 C surface of the substrate 51, silane (30 seem), propane 
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(12 seem), nitrogen (30 seem) and hydrogen (10 slm) are 
fed. Processing time for this step is 40 minutes. 
[0076] In a step for forming the drift layer 53, silane 
(30 seem), propane (12 seem), nitrogen (0.2 seem) and 
hydrogen (10 slm) are fed. Processing time for this step 
is 60 minutes. 

[0077] In a step for forming the p-type junction layer 
54, silane (30 seem), propane (12 seem), trimethylaluminum 

(6 seem) and hydrogen (10 slm) are fed. Processing time 
for this step is 4 minutes. 

[0078] In a step for forming the n-type grown layer 55, 
silane (30 seem), propane (12 seem), nitrogen (30 seem) and 
hydrogen (10 slm) are fed. Processing time for this step 
is 3 minutes. 

[0079] By the processing shown above, a SiC epitaxial 
wafer for the pin junction diode of this Embodiment is made 
up . 

[0080] Next, processing conditions for fabrication of 
the npn bipolar transistor for comparative use are 
described. Since its layers to be formed on the Si surface 
of the substrate are substantially similar in structure to 
those of this Embodiment shown in Fig. 4, same reference 
numerals are used in the description. The substrate is 
kept at a temperature of 1550°C, and the interior of the 
processing chamber is kept at a pressure of 5.6 kPa. 
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[0081] In a step for forming the buffer layer 52 on the 
Si surface of the substrate, silane (10 seem) , propane (3 
seem), nitrogen (10 seem) and hydrogen (10 slm) are fed. 
Processing time for this step is 120 minutes, 
5 [0082] In a step for forming the drift layer 53, silane 

(10 seem), propane (3 seem), nitrogen (0.07 seem) and 
hydrogen (10 slm) are fed. Processing time for this step 
is 180 minutes. 

[0083] In a step for forming the p-type grown layer 54, 
10 silane (10 seem), propane (3 seem), trimethylaluminum (2 
seem) and hydrogen (10 slm) are fed. Processing time for 
this step is 12 minutes. 

[0084] In a step for forming the n-type grown layer 55, 
silane (10 seem), propane (3 seem), nitrogen (10 seem) and 
15 hydrogen (10 slm) are fed. Processing time for this step 
is 9 minutes. 

[0085] By the processing shown above, a SiC epitaxial 
wafer for comparative use is made up. By subjecting the 
SiC epitaxial wafer of this Embodiment and the comparative 
20 SiC epitaxial wafer to the processing described below, 
respectively, an npn bipolar transistor 50 shown in Fig. 4 
and a comparative npn bipolar transistor similar in 
structure thereto are made up. 

[0086] First, the n-type grown layer 55 is etched by 
25 reactive ion etching (RIE) at a width of 10 pm, a depth of 
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0.75 pm and a pitch of 23 pm so that an n-type grown layer 
55 to serve as an emitter is left. With CF 4 and 0 2 used for 
RIE etching gas, the grown layer was etched under the 
conditions of a pressure of 0.05 Torr and a high-frequency 
5 power of 260 W. In this case, a Si0 2 film (thickness: 10 
ym) deposited by CVD was used as a mask material. 
[0087] Next, for execution of device isolation in the 
base region, a mesa structure was formed by reactive ion 
etching (RIE) . With CF 4 and 0 2 used for RIE etching gas, 
10 the mesa structure was etched to a depth of about 1 jam 
under the conditions of a pressure of 0.05 Torr and a high- 
frequency power of 260 W. In this case, a Si0 2 film 
(thickness: 10 pm) deposited by CVD was used as a mask 
material . 

15 [0088] In this embodiment, a guard ring 56 for 
relaxation of electric field concentration at base end 
portions and a base contact region 57 were formed by Al 
(aluminum) ion implantation of the same process. The base 
contact region 57 is 3 pm wide with a spacing of 5 pm from 

20 the emitter, and the p-type guard ring 56 is 150 pm, where 
the depth of both is 0.5 jam. The energy for the Al ion 
implantation in the formation of the p-type guard ring 56 
or the base contact region 57 is 40 to 560 keV, and the 
total dose amount is l.OxlO 13 cm" 2 . A Si0 2 film (thickness: 

25 5 pm) formed by CVD was used as the mask for the ion 
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implantation. The ion implantation was carried out 
throughout at room temperature, and heat treatment for 
activation of implanted ions was carried out in an argon 
gas atmosphere with a temperature of 1600°C for 5 minutes. 
5 After annealing, thermal oxide film was formed by two-hour 
wet oxidation at a temperature of 1150°C, and further a 
Si0 2 film was deposited by CVD to form oxide film 58 of 
totally 2 jim. 

[0089] Next, a collector electrode 59 was formed on the 

10 underside of the substrate 51. A base electrode 73 was 
formed in the base contact region 57. Further, an emitter 
electrode 74 was formed by deposition of Ni on the n-type 
grown layer 55. Subsequently, heat treatment was carried 
out at 1000°C for 20 minutes, by which ohmic junctions were 

15 formed, respectively. Finally, the base electrode 73 and 
the emitter electrode 74 were covered with Ti/Au 
electrodes, by which electrode terminals 75, 76 were 
formed, respectively. The junction portion was sized as 
3.2 mm x 3.2 mm. Although the guard ring 56 was formed by 

20 Al ion implantation in this Embodiment, yet similar effects 
are achieved also by using ion implantation of boron (B) . 
Further, in the npn bipolar transistor 50, junction 
surfaces (surfaces extending horizontally in the figure) of 
the substrate 51, the buffer layer 52, the drift layer 53, 

25 the p-type grown layer 54 and the n-type grown layer 55 are 
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all parallel to the surface 2a having an off-angle of 8 
degrees from the (000-1) carbon surface 2. 

[0090] Of the fabricated npn bipolar transistor 50, the 
withstand voltage was 1400 V, the on-voltage was 8,0 mQcm 2 , 
5 and the maximum current amplification factor was about 12. 
The npn bipolar transistor 50 was subjected to one-hour 
conduction with a base current of 0.6 A and a collector 
current 7A (collector current density: 100 A/ cm 2 ) , and 
collector characteristics at room temperature before and 

10 after the conduction were measured with a curve tracer. 

[0091] In the npn bipolar transistor 50 of this 
Embodiment, the on-resistance was 8.0 mQcm 2 both 
immediately after the start of the conduction and after the 
one-hour conduction, hence almost no change in forward 

15 voltage. 

[0092] The npn bipolar transistor of the comparative 
example was similarly subjected to a conduction test with a 
collector current density of 100 A/ cm 2 . The on-resistance 
of the comparative npn bipolar transistor at room 

20 temperature was 8.0 mQcm 2 immediately after the start of 
the conduction, but greatly increased to 15.0 mQcm 2 after 
the one-hour conduction. Further, the maximum current 
amplification factor of the comparative npn bipolar 
transistor was about 12 early in the conduction, but 

25 decreased to about 6 after the one-hour conduction. 
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[0093] In contrast to this, the maximum current 
amplification factor of the npn bipolar transistor of this 
Embodiment remain to be about 12 with almost no changes 
between immediately after the start of the conduction and 
5 after the one-hour conduction. As shown above, the npn 
bipolar transistor of this Embodiment showed almost no 
occurrence of forward voltage deterioration even after the 
one-hour conduction test. 
[0094] (Third Embodiment) 

10 A Third Embodiment relates to an IGBT (Insulated 

Gate Bipolar Transistor) which is a bipolar semiconductor 
device of the - present invention. Fig. 5 is a sectional 
view of an IGBT 60 of this Embodiment. In this Embodiment, 
a substrate 61 (hereinafter, referred to as C surface 

15 substrate) using n-type 6H SiC whose surface orientation has 
an off- angle 9 of 3.5 degrees from the (000-1) carbon 
surface 2 in Fig. 6 is prepared. On the substrate 61, three 
layers, i.e. a p-type 6H-SiC layer, an n-type 6H-SiC layer 
and a p-type 6H-SiC layer, are epitaxially grown in this 

20 order with a film- thickness increasing rate per hour (h) of 
15 ym/h, by which an IGBT 60 is fabricated as is explained 
in detail below. The primary junction surface (a surface 
extending horizontally in the figure) of the p and n layers 
is the {0001} surface. 
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[0095] A comparative IGBT for comparison with the IGBT of 
this Embodiment is fabricated in the . following way- A 
substrate (hereinafter, referred to as Si surface 
substrate) using n-type 6H SiC having a surface la whose 
5 surface orientation is an off- angle 9 of 3.5 degrees from 
the (0001) silicon surface 1 in Fig. 7 is prepared. On this 
substrate, a p-type 6H-SiC layer, an n-type 6H-SiC layer and 
a p-type 6H-SiC layer are formed successively at a film 
growth rate of 5 pm/h. 

10 [0096] The substrate 61 was fabricated by slicing an 
ingot grown by a modified Rayleigh method with a plane 
inclined by 3.5 degrees from the (000-1) carbon surface, 
followed by specular polishing. The substrate 61 to serve 
as a cathode, which was of the n-type and being 400 jam 

15 thick, was determined by the Hall effect measuring method 
to have a carrier density of 5xl0 18 cm" 3 . On this 
substrate, three layers, i.e. an aluminum-doped p-type SiC 
layer, a nitrogen-doped n-type SiC layer and an aluminum- 
doped p-type SiC layer, were grown successively by 

20 epitaxial growth by CVD process. The p-type SiC layer 
becomes a buffer layer 62 and a drift layer 63 of Fig. 5. 
buffer layer 62 has an acceptor density of lxlO 17 cm" 3 and a 
film thickness of 3 urn. The drift layer 63 has an acceptor 
density of about 5xl0 15 cm" 3 and a film thickness of 15 iom. 

25 An n-type grown layer 64 to be formed on the drift layer 63 



-38- 



has a donor density of 2*10 17 cm" 3 and a film thickness of 2 
]im. A p-type grown layer 65 to be formed on the n-type 
grown layer 64 has an acceptor density of lxlO 18 cm" 3 and a 
film thickness of 0.75 pm. Film growth conditions for the 
5 buffer layer 62, the drift layer 63, the n-type grown layer 
64 and the p-type grown layer 65 are as follows. 
[0097] Processing conditions for fabrication of the IGBT 
of this Embodiment are explained in detail below. Silane 
(SiH 4 ) and propane (C 3 H 8 ) are used as material gases. 

10 Nitrogen (N 2 ) and trimethylaluminum (Al (CH 3 ) 3) are used as 
dopant gases. Further, hydrogen (H 2 ) is used as the 
carrier gas. A flow rate of each gas is expressed in seem 
(standard cc per minute) or slm (standard liter minute) . 
Pressure is expressed in kPa (kilo Pascal) . In the 

15 following description, a numerical value parenthesized and 
added after the name of each gas represents a flow rate. 
The substrate 61 is kept at a temperature of 1550°C, and 
the interior of the processing chamber is kept at a 
pressure of 5.6 kPa. 

20 [0098] In a step for forming the buffer layer 62 on the 
C surface of the substrate 61, silane (30 seem), propane 
(12 seem) , trimethylaluminum (3 seem) and hydrogen (10 slm) 
are fed. Processing time for this step is 12 minutes. 
[0099] In a step for forming the drift layer 63, silane 

25 (30 seem), propane (12 seem), trimethylaluminum (0.15 seem) 
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and hydrogen (10 slm) are fed. Processing time for this 
step is 60 minutes. 

[0100] In a step for forming the n-type grown layer 64, 
silane (30 seem), propane (12 seem), nitrogen (9 seem) and 
5 hydrogen (10 slm) are fed. Processing time for this step 
is 8 minutes. 

[0101] In a step for forming the p-type grown layer 65, 
silane (30 seem), propane (12 seem), trimethylaluminum (30 
seem) and hydrogen (10 slm) are fed. Processing time for 
10 this step is 3 minutes. 

[0102] By the processing shown above, a SiC epitaxial 
wafer for the pin junction diode of this Embodiment is made 
up . 

[0103] Next, processing conditions for fabrication of 
15 the IGBT for comparative use are described. Since its 
layers to be formed on the Si surface of the substrate are 
substantially similar in structure to those of this 
Embodiment shown in Fig. 5, same reference numerals are 
used in the description. The substrate is kept at a 
20 temperature of 1550°C, and the interior of the processing 
chamber is kept at a pressure of 5.6 kPa. 

[0104] In a step for forming the buffer layer 62 on the 
Si surface of the substrate, silane (10 seem), propane (3 
seem), trimethylaluminum (1 seem) and hydrogen (10 slm) are 
25 fed. Processing time for this step is 36 minutes. 
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[0105] In a step for forming the drift layer 63, silane 
(10 seem), propane (3 seem), trimethylaluminum (0.05 seem) 
and hydrogen (10 slm) are fed. Processing time for this 
step is 180 minutes. 
5 [0106] In a step for forming the n-type grown layer 64, 
silane (10 seem) , propane (3 seem) , nitrogen (3 seem) and 
hydrogen (10 slm) are fed. Processing time for this step 
is 24 minutes. 

[0107] In a step for forming the p-type grown layer 65, 
10 silane (10 seem), propane (3 seem), trimethylaluminum (10 
seem) and hydrogen (10 slm) are fed. Processing time for 
this step is 9 minutes. 

[0108] By the processing shown above, a SiC epitaxial 
wafer for the comparative pin junction diode is made up. 

15 By subjecting the SiC epitaxial wafer of this Embodiment 
and the comparative SiC epitaxial wafer to the processing 
described below, respectively, an IGBT of this Embodiment 
shown in the figure and a comparative IGBT similar in 
structure thereto are made up. 

20 [0109] Steps for fabricating the IGBT 60 shown in Fig. 5 
from the resulting SiC epitaxial wafer are explained below. 
[0110] First, a central portion of the p-type grown 
layer 65 is etched by RIE to provide a hole 66a with use of 
photolithography process. Nitrogen ions are implanted into 

25 the n-type grown layer 64 located at a bottom portion of 
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the hole 66a, by which a contact region 66 to serve as a 
collector is formed. 

[0111] For formation of a gate region, the p-type grown 
layer 65 and the n-type grown layer 64 are etched by RIE to 
5 form a hole 68a (two in Fig. 5) . Subsequently, for 
formation of a MOS structure on the wall surface of the 
hole 68a, a Si0 2 film is deposited by CVD to form an 
insulating film 67. 

[0112] Ni is deposited in the collector region of the 

10 substrate 61 to provide a collector terminal 69. Also, an 
emitter electrode 79 is deposited in the contact region 66. 
Next, heat treatment is carried out to form ohmic 
junctions, respectively. Further, a Mo electrode is formed 
on the insulating film 67 to provide a gate electrode 68. 

15 [0113] Of the completed IGBT of this Embodiment and the 
comparative IGBT, the withstand voltage is 900 V. Their 
on-resistance is 11 mQcm 2 and their collector-emitter 
voltage is -14 V. With a gate voltage of -40 V applied to 
the two IGBTs, one-hour conduction was carried out with a 

20 collector current of 1.4 A, and collector characteristics 
at room temperature at the time of start of the conduction 
and after the one-hour conduction were measured with a 
curve tracer. In the IGBT of this Embodiment, the 
collector-emitter voltage was -14 V both immediately after 

2 5 the start of the conduction and after the one-hour 
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conduction, hence almost no change, making it found that 
there occurred no deterioration. In the comparative IGBT 
using a Si surface substrate, the collector-emitter voltage 
immediately after the conduction was -14 V, while the 
5 collector-emitter voltage after the one-hour conduction 
became as large as -29 V. 

[0114] In order to check the state of deterioration, the 
gate electrode 68 and the emitter electrode 79 of the 
after-conduction IGBT were removed, and photoluminescence 

10 emission of SiC was examined. While a large number of 
emissions showing stacking faults were found in the after- 
conduction IGBT using the Si surface substrate, no emission 
of stacking faults were found in the IGBT using the C 
surface substrate. 

15 [0115] As described above, the bipolar semiconductor 
device of the present invention has been described based on 
three Embodiments. However, the invention is not limited to 
the above Embodiments, but is applicable also to various 
kinds of 4H-SiC bipolar semiconductor devices such as 

20 SIAFETs, SIJFETs, thyristors, GTOs, MCTs (Mos Controlled 
Thyristors), SiCGT (SiC Commutated Gate Thyristors), ESTs 
(Emitter Switched Thyristors) , and BRTs (Base Resistance 
Controlled Thyristors) . Naturally, the invention can be 
modified and applied to various kinds of 4H-SiC bipolar 

25 devices such as opposite-polarity devices (e.g., pnp 



transistors for npn transistors) , and further applicable to 
SiC bipolar devices using 6H-SiC or other crystal 
structures . 

INDUSTRIAL APPLICABILITY 

[0116] The present invention can be used for SiC bipolar 
semiconductor devices which are less liable to a change 
with the lapse of time even if used for elongated time. 



